The coupling between nitrification and denitrification and the regulation of these processes by oxygen were studied in freshwater sediment microcosms with 02 and NO3 microsensors. Depth profiles of nitrification (indicated as NO3-production), denitrification (indicated as N03-consumption), and 02 consumption activities within the sediment were calculated from the measured concentration profiles. From the concentration profiles, it was furthermore possible to distinguish between the rate of denitrification based on the diffusional supply of NO3-from the overlying water and the rate based on NO3-supplied by benthic nitrification (Dw and D, respectively). An increase in 02 concentration caused a deeper 02 penetration while a decrease in Dw and an increase in Dn were observed. The relative importance for total denitrification of NO3-produced by nitrification thus increased compared with N03-supplied from the water phase. The decrease in Dw at high oxygen was due to an increase in diffusion path for NO3-from the overlying water to the denitrifying layers in the a oxic sediment. At high 02 concentrations, nitrifying activity was restricted to the lower part of the oxic zone where there was a continuous diffusional supply of NH4' from deeper mineralization processes, and the long diffusion path from the nitrification zone to the overlying water compared with the path to the denitrifying layers led to a stimulation in Dn.
The coupling between nitrification and denitrification and the regulation of these processes by oxygen were studied in freshwater sediment microcosms with 02 and NO3 microsensors. Depth profiles of nitrification (indicated as NO3-production), denitrification (indicated as N03-consumption), and 02 consumption activities within the sediment were calculated from the measured concentration profiles. From the concentration profiles, it was furthermore possible to distinguish between the rate of denitrification based on the diffusional supply of NO3-from the overlying water and the rate based on NO3-supplied by benthic nitrification (Dw and D, respectively). An increase in 02 concentration caused a deeper 02 penetration while a decrease in Dw and an increase in Dn were observed. The relative importance for total denitrification of NO3-produced by nitrification thus increased compared with N03-supplied from the water phase. The decrease in Dw at high oxygen was due to an increase in diffusion path for NO3-from the overlying water to the denitrifying layers in the a oxic sediment. At high 02 concentrations, nitrifying activity was restricted to the lower part of the oxic zone where there was a continuous diffusional supply of NH4' from deeper mineralization processes, and the long diffusion path from the nitrification zone to the overlying water compared with the path to the denitrifying layers led to a stimulation in Dn.
In many aquatic environments anthropogenic inputs of combined nitrogen cause serious eutrophication problems (22, 32) . However, combined nitrogen can be removed from the environment by bacterial denitrification, which occurs primarily in the anoxic layers of the sediment. Denitrifying bacteria use N03-or N02-as electron acceptors, and these oxidized nitrogen compounds may be supplied to the anoxic layers either by diffusion from the overlying water or by the activity of nitrifying bacteria in the oxic sediment layer just below the sediment-water interface. The denitrification fed by nearby nitrification within the sediment is often referred to as coupled nitrification-denitrification. The regulation of nitrifying activity by environmental parameters may thus have profound impacts on the rate of denitrification. The two most important factors regulating nitrification are usually the availability of oxygen and the supply of NH6+ by mineralization (14, 21) . The stimulation of nitrification and inhibition of denitrification by oxygen lead to a complex regulatory pattern for the coupled process of nitrification-denitrification.
It is well known that microorganisms living in diffusionlimited environments are exposed to steep chemical gradients (26) generated by the microorganisms themselves as a consequence of their tendency to locate themselves (by movement and/or proliferation) in layers in which optimal growth conditions prevail (nicely illustrated in the work by Dalsgaard and Bak [8] ). The stratification of the organisms will be reorganized when external perturbations are imposed upon the community (e.g., changes in 02 conditions), which will again readily be reflected in the other chemical gradients. In such environments, microsensor techniques are ideal tools when studying the principles of microbial regulation (9, 17, 27) . In the present work, 02 and N03 microsensors were used to analyze the coupling between nitrification and denitrification in sediments in which maxima of the two processes occurred less than 0.5 mm apart.
MATERIALS AND METHODS
Sampling and experimental setup. Sediment was collected in Plexiglas cores at a water depth of 50 cm in the shallow Lake Vilhelmsborg located near Aarhus, Denmark. In the laboratory, the uppermost 5 cm of the silty sediment was pooled, filtered through a 0.5-mm mesh screen, and transferred to two 550-ml glass chambers (29) . The filtration removed larger animals, which ensured that diffusion was the primary transport mechanism of solutes within the sediment. The sediment layer in the chambers was adjusted to a height of 6 cm, leaving an overlying water column of 3 cm. The open chambers were placed in a water bath containing 40 liters of synthetic freshwater containing 30 F.M N03-(modified from the work of Lehman [18] ). The medium was continuously flushed with a well-defined gas mixture of 02, N2, and CO2 (20, 79.5 , and 0.5% [vol/vol], respectively) which was mixed in a mass flowmeter (Brooks Instrument B. V., Veenendaal, Holland). The medium was renewed every day. After 2 weeks of dark incubation at room temperature (21°C), the chambers were capped and connected to a continuous flowthrough system (1) in which medium from a large reservoir was continuously passed over the sediment with a flow rate of approximately 80 ml/h. The water phase was stirred by a rotating (60 rpm), 30-mm-long Teflon-coated magnet fixed to the center of the lid and situated approximately 10 mm above the sediment surface.
By combined adjustment of flow rate and N03-concentration in the inflowing water (medium), the N03-concentration of the water above the sediment could be kept almost constant at 30 p.M. However, in two experiments the NO3-concentration was raised to 52 and 64,uM, respectively. The oxygen concentration in the overlying water was adjusted to the desired level in each experiment while the partial pressure of CO2 was kept constant at 0.5 kPa, ensuring a constant pH value of 7.2.
Microsensors could be inserted into the chambers through a hole in the lid after a rubber stopper was removed. Microgradients of 02 and N03-were measured simultaneously with an°2 microsensor of the guard cathode type (24) and a shielded N03-microsensor (15) (23) . The NO3-microsensor was calibrated as described by Jensen et al. (15) .
Chemical analysis. Water samples were taken from the glass chambers before and after each experiment together with samples of the medium used for calibration of the N03-microsensor (fresh incubation medium without added NO3-). The concentrations of NO3-, NO2-, and NH4+ in the samples were measured according to standard methods (4, 10) .
Calculations and modeling. The magnitude and depth distribution of the specific activities of 02 consumption, nitrification (indicated as NO3-production), and denitrification (indicated as N03-consumption) could be determined from the measured microprofiles by a computer implementation of a diffusion-reaction model (28): Sediment characteristics. After the biological experiments, sediment porosity and loss on ignition were determined at 2-mm depth intervals in three 20-mm-deep subcores from the sediment in chamber 2. Porosity did not vary significantly with depth and had an estimated value of 80% (vol/vol), whereas the loss of ignition varied between 7.6 and 9.3% of dry weight in a depth-independent manner.
An exact determination of the diffusional characteristics in the sediment is essential if full advantage of the microsensor technique should be achieved. The diffusivity (De = IDD) of 02 in the sediment was therefore determined at the end of the experiment according to the high-resolution microsensor method described by Revsbech (25) . The upper 3-mm fraction of a sediment core (inside diameter, 36 mm) subsampled from chamber 1 was carefully transferred to a diffusion chamber (25) nitrification could be detected with 10 FLM 02, whereas with 200 FiM 02 in the overlying water nitrification could be detected throughout the oxic zone with a maximum specific activity of 1.1 ,umol of N cm-3 h-1. No or very low nitrifying activities were detected in the upper part of the oxic zone at elevated 02 concentrations of 400 and 600 ,uM (panels C and D, respectively), whereas a high activity of 0.35 .mol of N cm-3 h-' was found in the lower part of the oxic zone close to the oxic-anoxic interface. The elevated nitrifying activity was paralleled by an increase in the specific 02 consumption rate (1.7 to 2.2 jLmol of N cm-3 h-') in these deeper sediment layers. The maximum specific denitrification activities as calculated from the data in panels A, B, C, and D were 3.8, 1.1, 1.7, and 1.0 jimol of N cm-3 h-', respectively. Apparently, NO3-was never fully depleted in the deeper sediment layers. This phenomenon is an artifact, and can be explained by a combination of increasing levels of HCO-(the sensor is slightly sensitive to HCO3-) with depth and a physical disturbance of the liquid ion exchange membrane when the sensor penetrated the sediment. The apparent persistence of NO-in deeper layers as measured with the N03-microsensor is discussed in more detail by Jensen et al. (15) .
Total rates of nitrification and denitrification are in Fig. 2 depicted as a function of the 02 concentration in the overlying water. Reaction rates per unit of area were calculated by depth integration of the modeled specific activities, and each rate depicted in Fig. 2 is the mean rate estimated from three to five measured N03-profiles. Denitrification decreased from approximately 380 ,umol towards a stable value of 160 jimol of N m-2 hV-' when the 02 concentration was raised from 10 p.M to values of 300 pLM and higher. The mean thicknesses of the denitrifying sediment layers at the seven different oxygen regimens depicted in Fig. 2 assumed to be independent of the sequence of the individual experiments.
DISCUSSION
Regulation of nitrification. From the NO3-microprofiles (Fig. 1 (13) , estimated by 7-h incubations of sediment which was sampled from the same location (30), showed only a minor reduction when the 02 level in the suspension was raised to more than 300 FM, but it cannot be excluded that prolonged exposure to high 02 concentrations will affect the activity of the nitrifiers. Incubation with almost 100% 02 saturation inhibited growth in Nitrosocystis oceanus (11) and Nitrobacter winogradskyi (31), whereas no reduction in NH4' and NO2
oxidation could be detected. The most likely explanation for the location of virtually all nitrifying activity just above the oxic-anoxic interface is that this layer was the only oxic environment in which NH4+ was available in significant amounts, and the high nitrifying activity mediated a complete oxidation of the continuous diffusional supply from below. The absence of significant nitrifying activity in the upper part of the oxic zone implied that NH4+ produced by aerobic mineralization was relatively unimportant as a substrate for nitrification, probably because of a very thin oxic zone compared with the much thicker anoxic compartment available for NH4+ mineralization and accumulation. The total rate of nitrification (Fig. 2) , calculated by depth integration of the specific activities, approached a constant value of 220 pLmol m-2 h-1 at 02 concentrations higher than 200 ,uM, which also indicates NH4+ limitation of nitrifying activity. This rate should be equivalent to the total mineralization rate within the sediment, provided that nitrification was NH4+ limited. Rysgaard et al. (30) calculated a mineralization rate of approximately 230 ,umol m-2 h-1 in a parallel experiment using "5N techniques. The conclusion about a virtually complete nitrification of any available NH4+ was supported by our observation of a very low NH4+ efflux from the sediment at elevated 02 levels compared with the NH4+ efflux when nitrification activity was inhibited by the addition of acetylene (data not shown).
From the NO3-microprofiles, it was possible to calculate how much 02 was consumed by nitrification in each specific layer of the sediment, assuming that 2 mol of 02 was consumed when 1 mol of NH4+ was oxidized to NO3-. The fraction of the total 02 consumption caused by nitrification varied greatly with depth when nitrification was limited by NH4+, increasing from 0 in the upper part of the oxic zone (Fig. 1C and D) to almost 50% right above the oxic-anoxic interface. When 02 limited total nitrifying activity (Fig. 1B) , approximately 30% of the total 02 consumption was due to nitrification throughout the oxic zone, except for the very upper part where apparently only 5% was caused by nitrification. This low number might be due to inappropriate profile modeling in this very heterogeneous layer or the onset of NH4' limitation of nitrification. Integrated total nitrification rates could account for 13 to 24% (average, 19%) of the total 02 consumption in the sediment. No significant correlation with increasing 02 concentration could be observed, which is explained by relatively constant nitrification (Fig. 2 ) and 02 consumption (data not shown) with increasing 02 concentrations. The numbers are somewhat higher than those reported earlier by, e.g., Hall and Jeffries (12) , who estimated nitrification in lake sediments to account for 8 to 10% of the total 02 consumption, but here it should be kept in mind that our sediment cores were made from homogenized sediment and thus not directly comparable to undisturbed sediment.
The maximum specific nitrifying activities calculated from the N03 microprofiles were two ( Fig. 1C and D) (3) . The relatively high specific activity calculated from the profile in Fig. 1B may, however, be overestimated because of a poor definition of the sedimentwater interface. The oxic zone was relatively thin in this profile, and consequently, modeled nitrification activities become more sensitive to small-scale heterogeneity and poorly defined interfaces.
The net flux of N03-across the sediment-water interface Regulation of denitrification based on N03-from the overlying water. Denitrification of NO3 -produced by nitrification was unaffected by NO3 levels whereas D. increased proportionally with NO3 concentrations (Fig. 4) as we also assumed when the total rate of denitrification (Fig. 2 ) was adjusted to a common N03-concentration of 30 p.M in the water phase. The total rate of denitrification decreased when the°2 concentration in the overlying water was raised from low values to 300 F.M, whereas an almost stable rate of 160 ,lmol m 2 h was reached at even higher 0, concentrations.
In order to examine this apparent stabilization of the denitrification rate irrespective of increasing 02 concentrations, the relative importance of the two potential NO3 sources for denitrification was determined at varying 02 concentration (Fig. 3) .
Denitrification of water-phase N03 decreased with increasing levels of 0, in the overlying water (Fig. 3) , which is in accordance with an increase in the diffusional distance for N03-from the water phase to the anoxic denitrifying zone, emphasizing the importance of the diffusional distance (i.e., Regulation of coupled nitrification-denitrification. The rate of denitrification based on NO3 produced from nitrification was calculated as the difference between total denitrification and the modeled rate of DW and is depicted in Fig. 3 as a function of the 0, concentration in the overlying water. D,, increased with increasing 0, concentrations and tended to continue to do soeven when nitrification became limited by the availability of NH4'. As nitrification was located in close proximity to the oxic-anoxic interface, the distance from the nitrification zone to the sediment surface increased relative to the distance to the denitrification zone when the°2 concentration increased in the overlying water. The apparent stabilization of total denitrification with increasing 02 concentrations (Fig. 2) was obviously the result of a decrease in D,,, being counterbalanced by a simultaneous increase in D,,.
Apparently, NO3 was never fully depleted in the deeper sediment layers (Fig. 1) , probably because of interference from increasing levels of HCO3. As a consequence, the depth of the denitrification zone may be slightly underestimated, whereas the rate of denitrification may be slightly overestimated. Unfortunately, it is not possible to correct the measured N03-profiles for such an interference, unless the HC03-gradients in the sediment are also known. The interference should have no bearings on the conclusions drawn from the present work whatsoever, since it affects only the denitrification rate slightly, not the general finding of distance controlling interactions between nitrification and denitrification. Consequently, only the point of intersection of D,_ and D,, in Fig. 3 may have been slightly affected, whereas the general appearance of the figure was unaffected.
A similar regulatory mechanism, as described above for Du and D,, was clearly implied by the data presented by Caffrey et al. (6) . These authors observed a dramatic decrease in the ratio of nitrification/denitrification, which was used as an indication of the importance of nitrification as a N03-source for denitrification, when the organic loading of a marine sediment was raised to high levels. Because of decreased°2 penetration in the sediment with increased organic loading, nitrification decreased, but because of high NO-in the overlying water (40 FM) in their experiment, total denitrification increased.
The data obtained in our experiments emphasize the importance of distance as a parameter significantly influencing the interactions between nitrification and denitrification. In natural systems, the processes and their interactions exhibit large temporal fluctuations, excellently characterized by Kemp et al. (16) , imposed by fluctuations in a wide variety of environmental parameters such as organic loading, solute concentrations in the overlying water, mineralization rate, etc. A gradient perspective as employed here (and vigorously applied in computerized dynamic models as presented by Blackburn and Blackburn [2] ) presents an essential aid to the interpretation of the observed dynamics in benthic communities.
